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^L( We summarize the intuitive connection between deformations of parton distri- 

butions in impact parameter space and single-spin asymmetries. Lattice results 
for the x^-moment of the twist-3 polarized parton distribution 92(2;) are used 
to estimate the average transverse force acting on the active quark in SIDIS in 
the instant after being struck by the virtual photon. 
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1. Impact Parameter Dependent PDFs and SSAs 



> 

'^ ' The Fourier transform of the GPD Hq{x,0,t) yields the distribution 

. i q{x,h±) of unpolarized quarks, for an unpolarized target, in impact pa- 

j-^ I rameter space [1] 

O : q{x,h^)= J^H,ix,0,-Al)e-^^--^-, (1) 

with A_L — p'j_ — p_L. For a transversely polarized target (e.g. polarized in 
^^ . the -l-x-direction) the impact parameter dependent PDF q^{x,h±) is no 

?H I longer axially symmetric and the transverse deformation is described by 

the gradient of the Fourier transform of the GPD Eq{x, 0, t) [2] 

q+,ix,h^) = q{x,h^) ^^J^E,ix,0,-Al) e-'''-^- (2) 

Eq{x,0,t) and hence the details of this deformation are not very well known, 
but its a;-integral, the Pauli form factor F2, is. This allows to relate the aver- 
age transverse deformation resulting from Eq. (2) to the contribution from 
the corresponding quark flavor to the anomalous magnetic moment. This 
observation is important in understanding the sign of the Sivers function. 
In a target that is polarized transversely {e.g. vertically), the quarks in 
the target nucleon can exhibit a (left/right) asymmetry of the distribution 
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/„/„T (a^B, ^t) in their transverse momentum fe^ [3,4] 

/g/pT (a^B, fer) = /f (a^B, ^t) - f^r^{x^,kj.) -^ , (3) 

where S is the spin of the target nucleon and P is a unit vector opposite 
to the direction of the virtual photon momentum. The fact that such a 
term may be present in (3) is known as the Sivers effect and the function 
fijl{xg, k^) is known as the Sivers function. The latter vanishes in a naive 
parton picture since (P x fey) • <S^ is odd under naive time reversal (a prop- 
erty known as naive- T-odd) , where one merely reverses the direction of all 
momenta and spins without interchanging the initial and final states. The 
momentum fraction a;, which is equal to x^ in DIS experiments, represents 
the longitudinal momentum of the quark before it absorbs the virtual pho- 
ton, as it is determined solely from the kinematic properties of the virtual 
photon and the target nucleon. In contradistinction, the transverse momen- 
tum kx is defined in terms of the kinematics of the final state and hence it 
represents the asymptotic transverse momentum of the active quark after 
it has left the target and before it fragments into hadrons. Thus the Sivers 
function for semi-inclusive DIS includes the final state interaction between 
struck quark and target remnant, and time reversal invariance no longer 
requires that it vanishes. Indeed, as time reversal not only reverses the 



a) b) 

Fig. 1. In SIDIS (a) the ejected (red) quark is attracted by the (anti-red) spectators. 
In contradistinction, in DY (b), before annihilating with the (red) active quark, the 
approaching (anti-red) antiquark is repelled by the (anti-red) spectators. 



signs of all spins and momenta, but also transforms final state interactions 
(FSI) into initial state interactions (ISI), it has been shown that the Sivers 
function relevant for SIDIS and that relevant for Drell-Yan (DY) processes 
must have opposite signs [5] , 

/{^^(xb, fc^)s/z)/s = -frri^^i kT)DY, (4) 

where the asymmetry in DY arises from the ISI between the incoming 
antiquark and the target. The experimental verification of this relation 
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would provide a test of the current understanding of the Sivers effect within 
QCD. It is instructive to elucidate its physical origin in the context of a 
perturbative picture: for instance, when the virtual photon in a DIS process 
hits a red quark, the spectators must be collectively anti-red in order to form 
a color-neutral bound state, and thus attract the struck quark (Fig. 1). In 
DY, when an anti-red antiquark annihilates with a target quark, the target 
quark must be red in order to merge into a photon, which carries no color. 
Since the proton was colorless before the scattering, the spectators must be 
anti-red and thus repel the approaching antiquark. 

The significant distortion of parton distributions in impact parameter 
space (2) provides a natural mechanism for a Sivers effect. In semi-inclusive 
DIS, when the virtual photon strikes a u quark in a _L polarized proton, the 
u quark distribution is enhanced on the left side of the target (for a proton 
with spin pointing up when viewed from the virtual photon perspective). 
Although in general the final state interaction (FSI) is very complicated, 
we expect it to be on average attractive thus translating a position space 
distortion to the left into a momentum space asymmetry to the right and 
vice versa (Fig. 2) [6]. Since this picture is very intuitive, a few words of 



^7 2) 



'' 7r+ 



Fig. 2. The transverse distortion of the parton cloud for a proton that is polarized into 
the plane, in combination with attractive FSI, gives rise to a Sivers effect for u (d) quarks 
with a ± momentum that is on the average up (down). 



caution are in order. First of all, such a reasoning is strictly valid only in 
mean field models for the FSI as well as in simple spectator models [7]. 
Furthermore, even in such mean field models there is no one-to-one cor- 
respondence between quark distributions in impact parameter space and 
unintegrated parton densities (e.g. Sivers function). While both are con- 
nected by a Wigner distribution [8], they are not Fourier transforms of 
each other. Nevertheless, since the primordial momentum distribution of 
the quarks (without FSI) must be symmetric we find a qualitative connec- 
tion between the primordial position space asymmetry and the momentum 
space asymmetry (with FSI). Another issue concerns the x-dependence of 
the Sivers function. The x-dependence of the position space asymmetry is 
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described by the GPD E{x,0,—A']J. Therefore, within the above mecha- 
nism, the X dependence of the Sivers function should be related to the x 
dependence of E{x, 0, — A^^). However, the x dependence of E is not known 
yet and we only know the Pauli form factor F2 ~ J dxE. Nevertheless, if 
one makes the additional assumption that E does not fluctuate as a func- 
tion of X then the contribution from each quark flavor q to the anomalous 
magnetic moment k determines the sign of E'^(x,0,0) and hence of the 
Sivers function. Making these assumptions, as well as the very plausible 
assumption that the FSI is on average attractive, one finds that f^ < 0, 
while f^ > 0. Both signs have been confirmed by a flavor analysis based 
on pions produced in a SIDIS experiment by the Hermes collaboration [9] 
and are consistent with a vanishing isoscalar Sivers function [10]. 

2. The Force on a Quark in SIDIS 

The chirally even spin-dependent twist-3 parton distribution 52(2;) = 
grix) — gi{x) is defined as 

= 2 [51 (x, Q2K(5 • n) + grix, Q^)Sl + M^g^ix, Q^)n>'{S ■ n)] . 

neglecting m^: .92(2;) = gV^i^) + 32(2;), with .g^^(x) = -gi{x) + 
J —gi{y)- 52(2;) involves quark-gluon correlations, e.g. [11,12] 

/ dxx'^g2{x) == y (5) 

with 

g{P,S\q{<d)G+y{Q)-i+q{Q)\P,S)^MP+P+S''d2 (6) 

At low Q^ , 52 has the physical interpretation of a spin polarizability, which 
is why the matrix elements (note that \/2G+^ = B^ — E^) 

Xe2M^S = (P, S\ q^a X gEq \P, S) xb2M^S = {P, S\ q^gBq \P, S){7) 

are sometimes called spin polarizabilities or color electric and magnetic 
polarizabilities [13]. In the following we will discuss that at high Q^ a better 
interpretation for these matrix elements is that of a 'force'. 

As Qiu and Sterman have shown [14] , the average transverse momentum 
of the ejected quark (here also averaged over the momentum fraction x 
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carried by the active quark) in a SIDIS experiment can be represented by 
the matrix element 



{kl) = -^{P.S 



P,S) (8) 



q{0) / dx-G+yix+ = 0,x-)-f+q{0) 
Jo 

which has a simple physical interpretation: the average transverse mo- 
mentum is obtained by integrating the transverse component of the color 
Lorentz force along the trajectory of the active quark — which is an almost 
light-like trajectory along the —z direction, with z — — t: The y-component 
of the Lorentz force acting on a particle moving, with (nearly) the speed of 
light V ~ (0, 0,-1), along the — z direction reads 

gV2Gy+ ^g{Ey + B'')^g\E + vx bV . (9) 

We now rewrite Eq. (8) as an integral over time 

{kl) = -^{P.S\mj dtG+y{t,z^-t)j+qiO)\P,S) (10) 

in which the physical interpretation of —j0f{P,S\q{O)G^y{t,z ~ 
—t)j^q{0)\P,S) as being the averaged force acting on the struck quark 
at time t after being struck by the virtual photon becomes more apparent. 
In particular, 

F^(0) ^-^{P, S\ mC+HOh+qiO) IP, S) (11) 

1 A/P 

= -—MP+S^d2 = -—d2, 

where the last equality holds only in the rest frame (p+ ~ -y=M) and for 
S*^ = 1, can be interpreted as the averaged transverse force acting on the 
active quark in the instant right after it has been struck by the virtual 
photon. 

Lattice calculations of the twist-3 matrix element yield [15] 

4"^ = 0.010 ± 0.012 4"^^ = -0.0056 ± 0.0050 (12) 

renormalizcd at a scale of Q^ = 5 GcV^ for the smallest lattice spacing in 
Ref. [15]. Here the identity M^ w 5GeV/fm is useful to better visualize the 
magnitude of the force. 

P(„) = -25 ± 30MeV/fm F^a) = 14 ± 13MeV/fm. (13) 

In the chromodynamic lensing picture, one would have expected that P'(jj) 
and _?"((;) are of about the same magnitude and with opposite sign. The same 
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holds in the large Nc limit. A vanishing Sivers effect for an isoscalar target 
would be more consistent with equal and opposite average forces. However, 
since the error bars for d2 include only statistical errors, the lattice result 
may not be inconsistent with ^2 ^ —a^- 

The average transverse momentum from the Sivers effect is obtained 
by integrating the transverse force to infinity (along a light-like trajectory) 
(fc^) — L dtFy{t). This motivates us to define an 'effective range' 

R ^J^ (14) 

Note that Reff depends on how rapidly the correlations fall off along a 
light-like direction and it may thus be larger than the (spacclikc) radius of 
a hadron. Of cource, unless the functional form of the integrand is known, 
Reff cannot really tell us about the range of the FSI, but if the integrand 
does not oscillate 

Fits of the Sivers function to SIDIS data yield 17 one finds about | (A:^) | ^ 
100 MeV [17]. Together with the (average) value for \d2\ from the litticc this 
translates into an effective range Reff of several fm. It would be interesting 
to compare Reff for different quark flavors and as a function of Q^ , but 
this requires more precise values for ^2 as well as the Sivers function. 

Note that a complementary approach to the effective range was chosen 
in Ref. 18, where the twist-3 matrix element appearing in Eq. (11) was, 
due to the lack of lattice QCD results, estimated using QCD sum rule 
techniques. Moreover, the 'range' was taken as a model input parameter to 
estimate the magnitude of the Sivers function. 

A measurement of the twist-4 contribution /2 to polarized DIS allows 
determination of the expectation value of different Lorentz/Dirac compo- 
nents of the quark-gluon correlator appearing in (6) 

hM^S^ - i {p, S\ qgG'^-j.q b, S) , (15) 

In combination with (6) this allows a decomposition of the force into electric 
and magnetic components using 

Fm--—XE ^1(0) = -— XB (16) 

for a target nuclcon polarized in the +x direction, where [13,16] 

XE^l (2rf2 + ./2) XM - ^ (4rf2 - /2) . (17) 

A relation similar to (11) can be derived for the x"^ moment of the twist- 
3 scalar PDF e(x). For its interaction dependent twist-3 part e{x) one finds 
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for an unpolarized target [19] 

AMP+P+e2 = g {p\ qa+'G+'q \P) , (18) 

where 62 = L dxx'^e{x). The matrix element on the r.h.s. of Eq. (18) can 
be related to the average transverse force acting on a transversely polar- 
ized quark in an unpolarized target right after being struck by the virtual 
photon. Indeed, for the average transverse momentum in the -\-y direction, 
for a quark polarized in the -\-x direction, one finds 

(k^) = ^^ j dx-g {p\ q-(0)a+2'G+na;-)g(0) \p) . (19) 

A comparison with Eq. (18) shows that the average transverse force at t = 
(right after being struck) on a quark polarized in the +x direction reads 

1 1 /\,f2 

F'{0) = ^-^g {p\ qa+yC+yq \p) = —MP+S'^e, ^ — e^, (20) 

where the last identify holds only in the rest frame of the target nucleon 
and for S^ ~\. 

The impact parameter distribution for quarks polarized in the +x di- 
rection was found to be shifted in the +j/ direction [20-22]. Applying the 
chromodynamic Icnsing model implies a force in the negative —y direction 
for these quarks and one thus expects e2 < for both u and d quarks. 
Magnitude: since kj^ > k, expect odd force larger than even force and thus 

|e2|>|d2|. 

It would be interesting to study not only whether the effective range is 
flavor dependent, but also whether there is a difference between the chi- 
rally even and odd cases. It would also be very interesting to learn more 
about the time dependence of the FSI by calculating matrix elements of 
97+ (9+G'+-'-) g, or even higher derivatives, in lattice QCD. Knowledge of 
not only the value of the integrand at the origin, but also its slope and 
curvature at that point, would be very useful for estimating the integral in 
Eq. (8). 



Acknowledgments 

I would like to thank the organizers of the Transversity 2008 workshop 
for the kind invitation and Daniel Boer and Yuji Koike for very helpful 
discussions. This work was supported in part by the DOE under grant 
number DE-FG03-95ER40965. 



July 16, 2008 16:4 WSPC - Proceedings Trim Size: 9in x 6in ferraraO 



References 

1. M.Burkardt, Phys. Rev. D 62, 071503 (2000), Erratum-ibid. D 66, 119903 
(2002); M. Diehl, Eur. Phys. J. C 25, 223 (2002); J. P. Ralston and B. Pire, 
Phys. Rev. D 66, 111501 (2002). 

2. M. Burkardt, Int. J. Mod. Phys. A 18, 173 (2003). 

3. D.W. Sivers, Phys. Rev. D 43, 261 (1991). 

4. A. Bacchetta et al., Phys. Rev. D 70, 117504 (2004). 

5. J.C. Collins, Phys. Lett. B 536, 43 (2002). 

6. M. Burkardt, Phys. Rev. D 66, 114005 (2002); Phys. Rev. D 69, 057501 (2004). 

7. S.J. Brodsky, D.S. Hwang, and I. Schmidt, Nucl. Phys. B 642, 344 (2002); 
M. Burkardt and D.S. Hwang, Phys. Rev. D69, 074032 (2004); L.P. Gam- 
berg et al., Phys. Rev. D 67, 071504 (2003); D. Boer, S.J. Brodsky, and D.S. 
Hwang, Phys. Rev. D 67, 054003 (2003); A. Bacchetta et al., Phys. Lett B578, 
109 (2004); M. Radici et al., hep-ph/0708.0232; L.P. Gamberg et al. hep- 
ph/0708.0324; D. Boer et al., Phys. Rev. D 67, 054003 (2003); L.P. Gamberg 
et al., Phys. Rev. D 67 (2003) 071504. 

8. A.V. Belitsky, X. Ji, and F. Yuan, Phys. Rev. D 69, 074014 (2004). 

9. A. Airapetian et al. (Hermes collaboration), Phys. Rev. Lett. 94, 012002 
(2005). 

10. A. Martin (COMPASS collaboration), Czech. J. Phys. 56, F33 (2006). 

11. E. Shuryak and A.L Vainshtein, Nucl. Phys. B 201, 141 (1982). 

12. R.L. Jaffe, Comm. Nucl. Part. Phys. 19, 239 (1990). 

13. B.W. Filippone and X. Ji, Adv. Nucl. Phys. 26, 1 (2001). 

14. J. Qiu and G. Sterman, Phys. Rev. Lett. 67, 2264 (1991). 

15. M. Gockeler et al., Phys. Rev. D 72, 054507 (2005). 

16. Z.-E. Mezziani et al., hep-ph/0404066. 

17. M. Anselmino et al., hep-ph/0805.2677 

18. A. Schafer et al., Phys. Rev. D 47, Rl (1993); E. Stein et al., hep-ph/9409212 

19. Y. Koike and K. Tanaka, Phys. Rev. D 51, 6125 (1995). 

20. M. Diehl and P.Hagler, Eur. Phys. J. C44, 87 (2005). 

21. M. Gockeler et al. (QCDSF collaboration), Phys. Rev. Lett. 98, 222001 
(2007); Ph. Hagler et al. (LHPC collaboration), hep-lat/0705.4295. 

22. M. Burkardt and B. Hannafious, Phys. Lett. B 658, 130 (2008). 



